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Overview

• The WIMP love story
• The unexplored DM mass range
• XENON10, again
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The WIMP love story...
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Model-independent thermal 
production is a powerful 
aphrodisiac, and has guided 
many experimental efforts

Physicists
Relationship 
Status

In a relationship with WIMPs

July 25, 1977Anniversary
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In the year 2000....
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Time-progression of sensitivity
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Year 2003
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Year 2009
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Year 2011

You’ll notice that both the 
experimental limits, AND 
the theoretical predictions 
have been falling in this 
parameter space over the 
last twelve years
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It’s complicated, baby
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Searching for WIMPs is 
a bit like chasing after a 
moving target...
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It’s complicated, baby
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Searching for WIMPs is 
a bit like chasing after a 
moving target...

Physicists
Relationship 
Status

It’s complicated

Physicists
Relationship 
Status

In a relationship with WIMPs

July 25, 1977Anniversary
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Playing the field
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Kinematics, thou art a heartless...
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Kinematics simply 
don’t allow for the 
observation of 
nuclear recoils from 
sub-GeV DM scatters
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Kinematics, thou art a heartless...
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Expected energy deposition

24

!-rays from the galactic bulge [57] and remain consistent
with Cosmic Microwave Background bounds [58,59].

Although we do not attempt to calculate it here, it is
important to consider howmany electrons will be produced
in a LDM scattering event. For example, in xenon a 30MeV
DM particle will typically ionize a 5p outer-shell electron
(with binding energy EB ¼ 12:4 eV), giving it insufficient
recoil energy to ionize a second electron. However, for
larger DM masses, the recoiling electron is increasingly
likely to have enough energy to cause secondary ioniza-
tions. Heavier DM is also more likely to ionize a 5s (EB ¼
25:7 eV) or 4d (EB ¼ 75:6 eV) shell electron, followed by
the emission of a de-excitation photon which itself causes
photoionization. In Fig. 3, we plot the differential ioniza-
tion rate against electron recoil energy for xenon (blue),
argon (red), and helium (green), for a DMmass of 10 MeV
(solid lines) and 1 GeV (dashed lines). In germanium (not
shown) the situation is complicated by the band structure
but is qualitatively the same. Signal events in which more
than one electron is collected could be crucial, first for
experiments in which a single-electron threshold cannot
be reached, and second since backgrounds to few-electron
events may prove to be much smaller than for single-
electron events. For further details, see [60].

Besides neutrinos, the backgrounds to LDM scattering
are currently largely unknown. An important handle to
distinguish signal from background is therefore the annual
modulation [32] of the DM scattering rate. Using the halo
parameters given above, we find a modulation fraction
fmod of Oð10%Þ for all cases considered, where fmod is
defined as the ratio of the modulating signal amplitude to
the mean signal rate. A DM discovery would be possible
by observing such a modulation over an unmodulated

background. In Fig. 4, we show the modulation discovery
reach as a function of the background event rate, for a DM
mass of 30 MeV and for both constant (solid lines) and
ð"me=qÞ2 (dashed lines) DM form-factors. Specifically, we
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FIG. 2 (color online). The cross section exclusion reach (left-hand axis) at 95% confidence level for 1 kg $ year of exposure, assuming
only the irreducible neutrino background (note that additional unknown backgrounds are likely to exist, which would weaken the
sensitivity—see Fig. 4). This corresponds to the cross section for which 3.6 events are expected after 1 kg $ year. The right axis shows the
event rate assuming a cross section of !#e ¼ 10%37 cm2. Results are shown for xenon (blue), argon (red), germanium (brown), and helium
(green) targets. Left: Models with no DM form-factor. The (green) shaded area indicates the allowed region for Uð1ÞD (hidden photon)
models withmAD

* 10 MeV. The (orange) shaded area is the region inwhich a particularmodel ofMeVDMcan explain the INTEGRAL
511 keV !-rays from the galactic bulge [9]. Right: Models with a very light scalar or vector mediator, for which FDM ¼ "2m2

e=q
2. The

(blue) region indicates the allowed parameter space for a hiddenUð1ÞD modelwith a very light ( & keV) hidden photon. The darker (blue)
band corresponds to the Freeze-In region. For illustration, constant gD contours are shownwith dashed lines, assumingmAD

¼ 8 MeV and
" ¼ 2' 10%3 (left-hand plot) and mAD

¼ 1 meV and " ¼ 3' 10%6 (right-hand plot). For more details see the text and the Appendix .
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FIG. 3 (color online). The differential rates of LDM-induced
ionization versus electron recoil energy, for a cross section of
!#e ¼ 10%37 cm2. Results are shown for xenon (blue), argon
(red), and helium (green) targets, and a DM mass of 10 MeV
(solid lines) and 1 GeV (dashed lines). The two plots show
results for scattering with no DM form-factor (top) and with
FDM ¼ "2m2

e=q
2 (bottom). The dotted lines in the bottom right-

hand corner show the irreducible solar-neutrino-electron scatter-
ing backgrounds. We emphasize that other backgrounds of an
unknown size can be expected at all energies, and will require a
dedicated study to be measured and understood.
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!-rays from the galactic bulge [57] and remain consistent
with Cosmic Microwave Background bounds [58,59].

Although we do not attempt to calculate it here, it is
important to consider howmany electrons will be produced
in a LDM scattering event. For example, in xenon a 30MeV
DM particle will typically ionize a 5p outer-shell electron
(with binding energy EB ¼ 12:4 eV), giving it insufficient
recoil energy to ionize a second electron. However, for
larger DM masses, the recoiling electron is increasingly
likely to have enough energy to cause secondary ioniza-
tions. Heavier DM is also more likely to ionize a 5s (EB ¼
25:7 eV) or 4d (EB ¼ 75:6 eV) shell electron, followed by
the emission of a de-excitation photon which itself causes
photoionization. In Fig. 3, we plot the differential ioniza-
tion rate against electron recoil energy for xenon (blue),
argon (red), and helium (green), for a DMmass of 10 MeV
(solid lines) and 1 GeV (dashed lines). In germanium (not
shown) the situation is complicated by the band structure
but is qualitatively the same. Signal events in which more
than one electron is collected could be crucial, first for
experiments in which a single-electron threshold cannot
be reached, and second since backgrounds to few-electron
events may prove to be much smaller than for single-
electron events. For further details, see [60].

Besides neutrinos, the backgrounds to LDM scattering
are currently largely unknown. An important handle to
distinguish signal from background is therefore the annual
modulation [32] of the DM scattering rate. Using the halo
parameters given above, we find a modulation fraction
fmod of Oð10%Þ for all cases considered, where fmod is
defined as the ratio of the modulating signal amplitude to
the mean signal rate. A DM discovery would be possible
by observing such a modulation over an unmodulated

background. In Fig. 4, we show the modulation discovery
reach as a function of the background event rate, for a DM
mass of 30 MeV and for both constant (solid lines) and
ð"me=qÞ2 (dashed lines) DM form-factors. Specifically, we
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sensitivity—see Fig. 4). This corresponds to the cross section for which 3.6 events are expected after 1 kg $ year. The right axis shows the
event rate assuming a cross section of !#e ¼ 10%37 cm2. Results are shown for xenon (blue), argon (red), germanium (brown), and helium
(green) targets. Left: Models with no DM form-factor. The (green) shaded area indicates the allowed region for Uð1ÞD (hidden photon)
models withmAD

* 10 MeV. The (orange) shaded area is the region inwhich a particularmodel ofMeVDMcan explain the INTEGRAL
511 keV !-rays from the galactic bulge [9]. Right: Models with a very light scalar or vector mediator, for which FDM ¼ "2m2
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2. The

(blue) region indicates the allowed parameter space for a hiddenUð1ÞD modelwith a very light ( & keV) hidden photon. The darker (blue)
band corresponds to the Freeze-In region. For illustration, constant gD contours are shownwith dashed lines, assumingmAD

¼ 8 MeV and
" ¼ 2' 10%3 (left-hand plot) and mAD

¼ 1 meV and " ¼ 3' 10%6 (right-hand plot). For more details see the text and the Appendix .
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!#e ¼ 10%37 cm2. Results are shown for xenon (blue), argon
(red), and helium (green) targets, and a DM mass of 10 MeV
(solid lines) and 1 GeV (dashed lines). The two plots show
results for scattering with no DM form-factor (top) and with
FDM ¼ "2m2
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2 (bottom). The dotted lines in the bottom right-

hand corner show the irreducible solar-neutrino-electron scatter-
ing backgrounds. We emphasize that other backgrounds of an
unknown size can be expected at all energies, and will require a
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Direct detection of sub-GeV dark matter
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Direct detection strategies are proposed for dark matter particles with MeV to GeV mass. In this largely

unexplored mass range, dark matter scattering with electrons can cause single-electron ionization signals,

which are detectable with current technology. Ultraviolet photons, individual ions, and heat are interesting

alternative signals. Focusing on ionization, we calculate the expected dark matter scattering rates and

estimate the sensitivity of possible experiments. Backgrounds that may be relevant are discussed.

Theoretically interesting models may be within reach using existing data and ongoing direct detection

experiments. Significant improvements in sensitivity should be possible with dedicated experiments,

opening up a window to new regions in dark matter parameter space.

DOI: 10.1103/PhysRevD.85.076007 PACS numbers: 95.35.+d

I. INTRODUCTION

The identity of DarkMatter (DM) is unknown. Thewell-
studied paradigm of DM consisting of Weakly Interacting
Massive Particles (WIMPs) with masses around the Weak
scale is attractive: a WIMP naturally has the correct ther-
mal relic abundance and appears in many new physics
models that explain the hierarchy problem. A WIMP is
also an ideal experimental target, with many direct and
indirect DM and collider experiments currently searching
for it. It is possible, however, that this theoretical prejudice
has been misleading. In particular, despite significant
experimental effort, no unambiguous direct or indirect
evidence for WIMPs has been obtained to date. It is
important therefore to explore other theoretically moti-
vated scenarios.

An interesting possibility is light DM (LDM), with
masses in the keV to GeV range. Such LDM is theoretically
motivated and may naturally occur if DM does not couple
strongly to the visible sector. In particular, the mass of a
particle residing in a hidden sector may originate from
Weak scale dynamics but be suppressed by small couplings
between the hidden and visible sectors (see e.g. [1–5] and
references therein). While considerable study is still in
order, many existing models can accommodate LDM,
including WIMPless [6], ‘‘MeV’’ [7–12], asymmetric
[13–16], bosonic super-WIMP [17], Axino [18–20], grav-
itino [21], and sterile neutrino DM (see review in [22]).

In this paper, we focus on the MeV to GeV mass range.
We argue that simple experimental setups can allow for the
direct detection of LDM and can probe a wide class of
models. The ability to detect the signals of LDM scattering
could already be within reach with existing technologies,
and might also be possible with current direct detection
experiments such as XENON100 [23], LUX [24], and
CDMS [25]. Dedicated experiments may significantly im-
prove the sensitivity for LDM. This paper aims in part at

initiating the effort towards probing this mass range with
direct detection experiments. A more comprehensive dis-
cussion of possible direct detection avenues is postponed
to future work.

II. BASIC PROPOSAL

Current direct detection experiments search for nuclear
recoils caused by DM scattering. For LDM, the aver-
age energy transferred in an elastic nuclear recoil is
Enr ¼ q2=2mN ’ 1 eV" ðmDM=100 MeVÞ2ð10 GeV=mNÞ,
where mN is the mass of the nucleus, q%mDMv is the
momentum transferred, and v ’ 10&3 is the DM velocity.
This nuclear recoil energy is well below the lowest thresh-
olds achieved in existing direct detection experiments.
Consequently, vanilla elastic scattering with the nucleus
does not allow for the detection of DM much below the
GeV mass scale.
In contrast, the total energy available in the scattering

is significantly larger, Etot ’ mDMv
2=2 ’ 50 eV "

ðmDM=100 MeVÞ, and may easily suffice to trigger in-
elastic atomic processes that could lead to visible signals.
We identify three leading possibilities:
(i) Electron ionization (DM-electron scattering).
(ii) Electronic excitation (DM-electron scattering).
(iii) Molecular dissociation (DM-nuclear scattering).
These processes typically require energies of 1–10 eV,

and so may be caused by scattering of DM particles with
mass as small as OðMeVÞ, through interaction with elec-
trons, nuclei, or the electromagnetic field (e.g. via higher
dimension operators). The resulting signals are small, but
the technology to detect them is feasible, and in some cases
already established. Three types of signals that may be
particularly promising are [26]:
Individual electrons. An electron may be ionized (or, in

semiconductors, excited to a conduction band) by DM-
electron scattering. Signal amplification can be achieved

PHYSICAL REVIEW D 85, 076007 (2012)
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The previous slide is very 
cartoony; a more serious approach 
considers electron kinetic energy, 
binding energy, etc., e.g. by R. 
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calibration [19]. The position of interaction was required to
fall within r < 3 cm. This central region features optimal
self-shielding by the surrounding xenon target. A signal-to-
noise cut required the S2 pulse to contain at least 0.45 of
the total area of the event record. The acceptance of this cut
rises monotonically from 0.94 to >0:99 between 1.4 keV
and 10 keV. Valid single scatter event records were re-
quired to have only a single S2 pulse of size >4 electrons.
Events in which an S1 signal was found were required to
have log10ðS2=S1Þ within the #3! band for elastic single
scatter nuclear recoils. This band was determined from the
neutron calibration data, and has been reported in a pre-
vious article [15]. Events in which no S1 signal was found
were assumed to be dark matter candidate events and were
retained.

The remaining events in the lowest-energy region are
shown in Fig. 2 (left) versus their S2 pulse width !e. The
equivalent number of electrons is indicated by the inset
scale. Events in which an S1 signal was observed are

indicated by a circle. Figure 2 (right) shows the width
profile of the S2 signal in the top, middle and bottom third
of the detector, based on single scatter nuclear recoils with
known !t and 5< S2< 100 electrons. Gaussian fits are
shown to guide the eye.
The top panel of Fig. 2 shows the distribution of remain-

ing candidate events (+) with S2 $ 4 electrons. The dis-
tribution of background single electron events, sampled
from a time window at least 20 "s after higher-energy
events, is also shown (4). The single electron background
events are a subject of ongoing study, and appear to origi-
nate from multiple physical phenomena. One possibility
involves photoionization of impurities in the liquid xenon
[34]. Another possible origin is from excess free electrons
trapped at the liquid surface. This could occur because the
emission of electrons from the liquid to the gas is nearly—
but likely not exactly—unity [35]. As a result, every S2
signal could be a potential source of a small number of
trapped electrons. Delayed emission of the trapped elec-
trons may result from the requirement that both the elec-
tron kinetic energy and the z component of the electron
momentum be sufficient to overcome the surface potential
barrier [36].
The signal-to-noise cut was motivated by a distinct but

closely related class of background event, which consists
of a train of approximately ten to several tens of single
electrons over a period of Oð100 "sÞ. The origin of these
events is also not yet clear. Often several single electrons in
an electron train overlap in time, to the degree that they
appear as a single S2 pulse containing %2–6 electrons.
These spurious pulses often have !e > 0:30 (the 3! width
for a single electron) and so could be removed based on
pulse width. However, the signal-to-noise cut more pre-
cisely targets the presence of multiple additional single
electrons in the event record.
The energy resolution for S2 signals depends primarily

on Poisson fluctuation in the number of detected electrons,
with an additional component due to instrumental fluctua-
tions. This is discussed in detail in [32], and for higher-
energy signals in [19]. So as not to overstate the energy
resolution, we adopt a parameterization which follows the

Poisson component only, given by RðEnrÞ ¼ ð2EnrÞ'1=2.
We assume a sharp cutoff inQy atEnr ¼ 1:4 keV, and then
convolve the resolution with the predicted differential dark
matter scattering rate. This ensures that!n exclusion limits
are not influenced by lower-energy extrapolation of the
detector response. The scattering rate as a function of
nuclear recoil energy was calculated in the usual manner
[13] (cf. [15]). We take the rotational speed of the local
standard of rest and the velocity dispersion of the dark
matter halo to be v0 ¼ 230 km s'1, and the galactic escape
velocity to be vesc ¼ 600 km s'1 [37]. We use the pmax

method [38] to calculate 90% C.L. exclusion limits on the
cross section!n for elastic spin-independent dark matter—
nucleon scattering as a function of m#. All remaining
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FIG. 2 (color online). (left) All candidate dark matter events
remaining (( and )) after the cuts listed in Table I. Events in
which an S1 was found are shown as). The number of electrons
in the S2 signal is indicated by the inset scale. (top) Distribution
of candidate events with $ 4 electrons (+), and distribution of
background single electrons (4) as described in the text. (right)
S2 pulse width distributions for single scatter nuclear recoils in
the top, middle and bottom third of the detector.

TABLE I. Summary of cuts applied to 15 kg days of dark
matter search data, corresponding acceptance for nuclear recoils
"c and number of events remaining in the range 1:4<Enr $
10 keV.

Cut description "c Nevts

1. event localization r < 3 cm 1.00a 125
2. signal-to-noise >0:94 58
3. single scatter (single S2) >0:99 38
4. #3! nuclear recoil band >0:99 23

aLimits effective target mass to 1.2 kg.
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calibration [19]. The position of interaction was required to
fall within r < 3 cm. This central region features optimal
self-shielding by the surrounding xenon target. A signal-to-
noise cut required the S2 pulse to contain at least 0.45 of
the total area of the event record. The acceptance of this cut
rises monotonically from 0.94 to >0:99 between 1.4 keV
and 10 keV. Valid single scatter event records were re-
quired to have only a single S2 pulse of size >4 electrons.
Events in which an S1 signal was found were required to
have log10ðS2=S1Þ within the #3! band for elastic single
scatter nuclear recoils. This band was determined from the
neutron calibration data, and has been reported in a pre-
vious article [15]. Events in which no S1 signal was found
were assumed to be dark matter candidate events and were
retained.

The remaining events in the lowest-energy region are
shown in Fig. 2 (left) versus their S2 pulse width !e. The
equivalent number of electrons is indicated by the inset
scale. Events in which an S1 signal was observed are

indicated by a circle. Figure 2 (right) shows the width
profile of the S2 signal in the top, middle and bottom third
of the detector, based on single scatter nuclear recoils with
known !t and 5< S2< 100 electrons. Gaussian fits are
shown to guide the eye.
The top panel of Fig. 2 shows the distribution of remain-

ing candidate events (+) with S2 $ 4 electrons. The dis-
tribution of background single electron events, sampled
from a time window at least 20 "s after higher-energy
events, is also shown (4). The single electron background
events are a subject of ongoing study, and appear to origi-
nate from multiple physical phenomena. One possibility
involves photoionization of impurities in the liquid xenon
[34]. Another possible origin is from excess free electrons
trapped at the liquid surface. This could occur because the
emission of electrons from the liquid to the gas is nearly—
but likely not exactly—unity [35]. As a result, every S2
signal could be a potential source of a small number of
trapped electrons. Delayed emission of the trapped elec-
trons may result from the requirement that both the elec-
tron kinetic energy and the z component of the electron
momentum be sufficient to overcome the surface potential
barrier [36].
The signal-to-noise cut was motivated by a distinct but

closely related class of background event, which consists
of a train of approximately ten to several tens of single
electrons over a period of Oð100 "sÞ. The origin of these
events is also not yet clear. Often several single electrons in
an electron train overlap in time, to the degree that they
appear as a single S2 pulse containing %2–6 electrons.
These spurious pulses often have !e > 0:30 (the 3! width
for a single electron) and so could be removed based on
pulse width. However, the signal-to-noise cut more pre-
cisely targets the presence of multiple additional single
electrons in the event record.
The energy resolution for S2 signals depends primarily

on Poisson fluctuation in the number of detected electrons,
with an additional component due to instrumental fluctua-
tions. This is discussed in detail in [32], and for higher-
energy signals in [19]. So as not to overstate the energy
resolution, we adopt a parameterization which follows the

Poisson component only, given by RðEnrÞ ¼ ð2EnrÞ'1=2.
We assume a sharp cutoff inQy atEnr ¼ 1:4 keV, and then
convolve the resolution with the predicted differential dark
matter scattering rate. This ensures that!n exclusion limits
are not influenced by lower-energy extrapolation of the
detector response. The scattering rate as a function of
nuclear recoil energy was calculated in the usual manner
[13] (cf. [15]). We take the rotational speed of the local
standard of rest and the velocity dispersion of the dark
matter halo to be v0 ¼ 230 km s'1, and the galactic escape
velocity to be vesc ¼ 600 km s'1 [37]. We use the pmax

method [38] to calculate 90% C.L. exclusion limits on the
cross section!n for elastic spin-independent dark matter—
nucleon scattering as a function of m#. All remaining
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FIG. 2 (color online). (left) All candidate dark matter events
remaining (( and )) after the cuts listed in Table I. Events in
which an S1 was found are shown as). The number of electrons
in the S2 signal is indicated by the inset scale. (top) Distribution
of candidate events with $ 4 electrons (+), and distribution of
background single electrons (4) as described in the text. (right)
S2 pulse width distributions for single scatter nuclear recoils in
the top, middle and bottom third of the detector.

TABLE I. Summary of cuts applied to 15 kg days of dark
matter search data, corresponding acceptance for nuclear recoils
"c and number of events remaining in the range 1:4<Enr $
10 keV.

Cut description "c Nevts

1. event localization r < 3 cm 1.00a 125
2. signal-to-noise >0:94 58
3. single scatter (single S2) >0:99 38
4. #3! nuclear recoil band >0:99 23

aLimits effective target mass to 1.2 kg.
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• Step 1: Differential ionization rate

DM

e

section !!e by fixing q ¼ "me in the matrix element [2].
The q dependence of the matrix element is then described
by a DM form factor, FDMðqÞ; for example, if the interac-
tion proceeds through a massless vector mediator then
FDM ¼ ð"me=qÞ2.

A large fraction of the kinetic energy carried by a DM
particle, EDM ¼ mDMv

2=2 ’ 10 eVðmDM=20 MeVÞ, can
be transferred to a primary ionized electron. We treat the
target electrons as single-particle states bound in isolated
xenon atoms, using the numerical Roothaan-Hartree-Fock
bound wave functions tabulated in [15]. The electron re-
coils with energy Eer, with a differential ionization rate [2]

dRion

d lnEer
¼ NT

#DM

mDM

X

nl

dh!nl
ionvi

d lnEer
; (1)

where NT is the number of target atoms, #DM ¼
0:4 GeV cm$3 is the local DM density, and the velocity-

averaged differential ionization cross section for electrons
in the (n, l) shell is given by

dh!nl
ionvi

d lnEer

¼ !!e

8$2
%e

Z
qjfnlionðk0; qÞj2jFDMðqÞj2&ðvminÞdq:

(2)

Here vmin ¼ ðjEnl
bindingjþ EerÞ=qþ q=2mDM, and &ðvminÞ

has its usual meaning h1v'ðv$ vminÞi. We assume a stan-
dard Maxwell-Boltzmann velocity distribution with circu-
lar velocity v0 ¼ 220 km s$1 and a hard cutoff at
vesc ¼ 544 km s$1 [16].
With full shells, the form factor for ionization of an

electron in the (n, l) shell, escaping with momentum k0 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2meEer

p
after receiving a momentum transfer q, can be

written as

jfnlionðk0; qÞj2 ¼
4k03

ð2(Þ3
X

l0L

ð2lþ 1Þð2l0 þ 1Þð2Lþ 1Þ
l l0 L

0 0 0

" #
2""""""""

Z
r2drRk0l0ðrÞRnlðrÞjLðqrÞ

""""""""
2
; (3)

where ½' ' '( is the Wigner 3-j symbol and jL is a spherical
Bessel function. The radial wave functions Rk0l0ðrÞ of out-
going electrons are found by numerically solving the radial
Schrödinger equation with a central potential ZeffðrÞ=r.
ZeffðrÞ is determined from the initial electron wave func-
tion, assuming it to be a bound state of the same central
potential. We evaluate the form factors numerically, cut-
ting off the sum at large l0, L once it converges. Only the
ionization rates of the 3 outermost shells (5p, 5s, and 4d,
with binding energies of 12.4, 25.7, and 75.6 eV, respec-
tively) are found to be relevant.

The energy transferred to the primary ionized electron
by the initial scattering process is ultimately distributed
into a number of (observable) electrons, ne, (unobserved)
scintillation photons, n), and heat. To calculate ne, we use
a probabilistic model based on a combined theoretical and
empirical understanding of the electron yield of higher-
energy electronic recoils. Absorption of the primary elec-
tron energy creates a number of ions, Ni, and a number of
excited atoms, Nex, whose initial ratio is determined to be
Nex=Ni ) 0:2 over a wide range of energies above a keV
[17,18]. Electron-ion recombination appears well-
described by a modified Thomas-Imel recombination
model [19,20], which suggests that the fraction of ions
that recombine, fR, is essentially zero at low energy,
resulting in ne ¼ Ni and n) ¼ Nex. The fraction, fe, of
initial quanta observed as electrons is therefore given by
fe ¼ ð1$ fRÞð1þ Nex=NiÞ$1 ) 0:83 [20]. The total num-
ber of quanta, n, is observed to behave, at higher energy, as
n ¼ Eer=W, where Eer is the outgoing energy of the initial
scattered electron and W ¼ 13:8 eV is the average energy
required to create a single quanta [21]. As with fR and

Nex=Ni, W is only well measured at energies higher than
those of interest to us, and thus adds to the theoretical
uncertainty in the predicted rates. We use Nex=Ni ¼ 0:2,
fR ¼ 0, and W ¼ 13:8 eV to give central limits, and to
illustrate the uncertainty, we scan over the ranges 0< fR <
0:2, 0:1<Nex=Ni < 0:3, and 12:4<W < 16 eV. The
chosen ranges for W and Nex=Ni are reasonable consider-
ing the available data [9,17,18,22]. The chosen range for
fR is conservative considering the fit of the Thomas-Imel
model to low-energy electron-recoil data [19].
We extend this model to DM-induced ionization as

follows. We calculate the differential single-electron
ionization rate following Eqs. (1)–(3). We assume the
scattering of this primary electron creates a further nð1Þ ¼
FloorðEer=WÞ quanta. In addition, for ionization of the
next-to-outer 5s and 4d shells, we assume that the
photon associated with the deexcitation of the 5p-shell
electron, with energy 13.3 or 63.1 eV, can photoionize,
creating another nð2Þ ¼ 0 (1) or 4 quanta, respectively,
for W > 13:3 eV (< 13:3 eV). The total number of de-
tected electrons is thus ne ¼ n0e þ n00e , where n

0
e represents

the primary electron and is thus 0 or 1 with probability fR
or (1$ fR), respectively, and n

00
e follows a binomial distri-

bution with nð1Þ þ nð2Þ trials and success probability fe.
This procedure is intended to reasonably approximate the
detailed microscopic scattering processes, but presents
another Oð1Þ source of theoretical uncertainty. The 1-, 2-,
and 3-electron rates as a function of DM mass for a fixed
cross section and FDM ¼ 1 are shown in Fig. 2 (top). The
width of the bands arises from scanning over fR, Nex=Ni,
and W, as described above, and illustrates the theoretical
uncertainty.
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• Step 2: Electron recoil track

DM

e

e

e

e

e

e

Number of final electrons 
depends on:

W, fR, NexNi
Varying these values gives us 
the systematic uncertainty in 
the expected signal
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• Step 3: Rates of 1, 2, and 3 electron events

reported in [14], whose conditions differed from the
present data only in the hardware threshold set point. The
good agreement in this known case confirms the validity of
the simulation, which is then left with a single free pa-
rameter: the hardware threshold set point. We constrain
this threshold by noting that the trigger efficiency curve
must ‘‘turn-on’’ at, or prior to, the first nonzero bin in the
measured spectrum of triggering events, shown in Fig. 2 of
[10]. In this context, we define the turn-on point as the
location where the efficiency curve crosses 5%, which is
indicated by the orange-hatched vertical band in Fig. 1. If
the efficiency were to turn on at a higher point, the peak of
the single-electron distribution would be shifted to values
much lower than that of the known detector response to
these events, demonstrated by Fig. 2 (top) of [10].

The measured spectrum of triggering ionization events,
which we analyze for a signal, is given in Fig. 2 (top) of
[10]. We reproduce this spectrum in Fig. 1 (top), corrected
for the trigger efficiency. Wide (blue) bars represent sta-
tistical uncertainty, while the narrow (green) bars indicate
the systematic uncertainty introduced by the range of
allowed trigger efficiencies. This spectrum is fit by a triple

Gaussian function with five free parameters: the heights,
Hi, of the three components and the mean and width of the
first component (!1, "1). The means, !i, and widths, "i,
are constrained to follow the relations !i ¼ !1i and "i ¼
"1

ffiffi
i

p
, respectively, where i ¼ 1, 2, 3 identifies the

Gaussian component. Individual marginal posterior proba-
bility distributions are obtained for the event rates of the
three components, ri ¼ Hi"i

ffiffiffiffiffiffiffi
2#

p
=$S!x, where $ ¼ 0:92

is the overall cut efficiency reported in [10], S ¼ 15 kg day
is the exposure, and !x ¼ 0:1 electrons is the histogram
bin width. From these, upper limits are extracted taking the
measured spectrum to be due entirely to signal (i.e., no
background subtraction). The result of the fit, including
statistical and systematic uncertainties, gives 90% upper
confidence bounds of r1 < 23:4, r2 < 4:23, and r3 <
0:90 cts kg"1 day"1.
Direct detection rates.—We assume that DM particles

scatter through direct interactions with atomic electrons. If
the DM-electron interaction is independent of the momen-
tum transfer, q, then it is completely parametrized by the
elastic cross section, "e, of DM scattering with a free
electron. For q-dependent interactions, we define a cross
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FIG. 1 (color online). Top: The spectrum of XENON10 dark-
matter search data, corrected for trigger efficiency. Wide boxes
(blue) indicate statistical uncertainty, while narrow boxes (green)
indicate the systematic uncertainty arising from the trigger
efficiency. The efficiency curve crosses 5% within the orange-
hatched vertical band. The thick continuous curve (gray) is the
best-fit triple Gaussian function. Thin solid curves (red) indicate
the best-fit individual components. Dashed lines indicate curves
allowed at the 90% upper limit for each component. Small open
squares indicate the raw spectrum (uncorrected for trigger effi-
ciency) from [10]. Arrows indicate 1-" upper limits on the
number of events for bins with no events. Bottom: The trigger
efficiency as determined by Monte Carlo simulation, whose
range is chosen such that the efficiency curve crosses 5% at,
or before, the first nonzero bin in the histogram.
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section "e (solid line). Here the interaction is assumed to be
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show the individual limits set by the number of events in which
1, 2, or 3 electrons were observed in the XENON10 data set,
with gray bands indicating the theoretical uncertainty. The
shaded region (light green) indicates the previously allowed
parameter space for DM coupled through a massive hidden
photon (taken from [2]).

PRL 109, 021301 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
13 JULY 2012

021301-2

1000100101
DM Mass [MeV]

(bands represent systematic uncertainty in microscopic LXe interaction physics)



A. Manalaysay, 18 July 2012

8th Patras Workshop on Axions, WIMPs, and WISPs: Probing sub-GeV DM Masses

XENON10’s upper limits

33

reported in [14], whose conditions differed from the
present data only in the hardware threshold set point. The
good agreement in this known case confirms the validity of
the simulation, which is then left with a single free pa-
rameter: the hardware threshold set point. We constrain
this threshold by noting that the trigger efficiency curve
must ‘‘turn-on’’ at, or prior to, the first nonzero bin in the
measured spectrum of triggering events, shown in Fig. 2 of
[10]. In this context, we define the turn-on point as the
location where the efficiency curve crosses 5%, which is
indicated by the orange-hatched vertical band in Fig. 1. If
the efficiency were to turn on at a higher point, the peak of
the single-electron distribution would be shifted to values
much lower than that of the known detector response to
these events, demonstrated by Fig. 2 (top) of [10].

The measured spectrum of triggering ionization events,
which we analyze for a signal, is given in Fig. 2 (top) of
[10]. We reproduce this spectrum in Fig. 1 (top), corrected
for the trigger efficiency. Wide (blue) bars represent sta-
tistical uncertainty, while the narrow (green) bars indicate
the systematic uncertainty introduced by the range of
allowed trigger efficiencies. This spectrum is fit by a triple

Gaussian function with five free parameters: the heights,
Hi, of the three components and the mean and width of the
first component (!1, "1). The means, !i, and widths, "i,
are constrained to follow the relations !i ¼ !1i and "i ¼
"1

ffiffi
i

p
, respectively, where i ¼ 1, 2, 3 identifies the

Gaussian component. Individual marginal posterior proba-
bility distributions are obtained for the event rates of the
three components, ri ¼ Hi"i

ffiffiffiffiffiffiffi
2#

p
=$S!x, where $ ¼ 0:92

is the overall cut efficiency reported in [10], S ¼ 15 kg day
is the exposure, and !x ¼ 0:1 electrons is the histogram
bin width. From these, upper limits are extracted taking the
measured spectrum to be due entirely to signal (i.e., no
background subtraction). The result of the fit, including
statistical and systematic uncertainties, gives 90% upper
confidence bounds of r1 < 23:4, r2 < 4:23, and r3 <
0:90 cts kg"1 day"1.
Direct detection rates.—We assume that DM particles

scatter through direct interactions with atomic electrons. If
the DM-electron interaction is independent of the momen-
tum transfer, q, then it is completely parametrized by the
elastic cross section, "e, of DM scattering with a free
electron. For q-dependent interactions, we define a cross
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FIG. 1 (color online). Top: The spectrum of XENON10 dark-
matter search data, corrected for trigger efficiency. Wide boxes
(blue) indicate statistical uncertainty, while narrow boxes (green)
indicate the systematic uncertainty arising from the trigger
efficiency. The efficiency curve crosses 5% within the orange-
hatched vertical band. The thick continuous curve (gray) is the
best-fit triple Gaussian function. Thin solid curves (red) indicate
the best-fit individual components. Dashed lines indicate curves
allowed at the 90% upper limit for each component. Small open
squares indicate the raw spectrum (uncorrected for trigger effi-
ciency) from [10]. Arrows indicate 1-" upper limits on the
number of events for bins with no events. Bottom: The trigger
efficiency as determined by Monte Carlo simulation, whose
range is chosen such that the efficiency curve crosses 5% at,
or before, the first nonzero bin in the histogram.
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FIG. 2 (color online). Top: Expected signal rates for 1-, 2-, and
3-electron events for a DM candidate with "e ¼ 10"36cm2 and
FDM ¼ 1. Widths indicate theoretical uncertainty (see text).
Bottom: 90% C.L. limit on the DM-electron scattering cross
section "e (solid line). Here the interaction is assumed to be
independent of momentum transfer (FDM ¼ 1). The dashed lines
show the individual limits set by the number of events in which
1, 2, or 3 electrons were observed in the XENON10 data set,
with gray bands indicating the theoretical uncertainty. The
shaded region (light green) indicates the previously allowed
parameter space for DM coupled through a massive hidden
photon (taken from [2]).
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reported in [14], whose conditions differed from the
present data only in the hardware threshold set point. The
good agreement in this known case confirms the validity of
the simulation, which is then left with a single free pa-
rameter: the hardware threshold set point. We constrain
this threshold by noting that the trigger efficiency curve
must ‘‘turn-on’’ at, or prior to, the first nonzero bin in the
measured spectrum of triggering events, shown in Fig. 2 of
[10]. In this context, we define the turn-on point as the
location where the efficiency curve crosses 5%, which is
indicated by the orange-hatched vertical band in Fig. 1. If
the efficiency were to turn on at a higher point, the peak of
the single-electron distribution would be shifted to values
much lower than that of the known detector response to
these events, demonstrated by Fig. 2 (top) of [10].

The measured spectrum of triggering ionization events,
which we analyze for a signal, is given in Fig. 2 (top) of
[10]. We reproduce this spectrum in Fig. 1 (top), corrected
for the trigger efficiency. Wide (blue) bars represent sta-
tistical uncertainty, while the narrow (green) bars indicate
the systematic uncertainty introduced by the range of
allowed trigger efficiencies. This spectrum is fit by a triple

Gaussian function with five free parameters: the heights,
Hi, of the three components and the mean and width of the
first component (!1, "1). The means, !i, and widths, "i,
are constrained to follow the relations !i ¼ !1i and "i ¼
"1

ffiffi
i

p
, respectively, where i ¼ 1, 2, 3 identifies the

Gaussian component. Individual marginal posterior proba-
bility distributions are obtained for the event rates of the
three components, ri ¼ Hi"i

ffiffiffiffiffiffiffi
2#

p
=$S!x, where $ ¼ 0:92

is the overall cut efficiency reported in [10], S ¼ 15 kg day
is the exposure, and !x ¼ 0:1 electrons is the histogram
bin width. From these, upper limits are extracted taking the
measured spectrum to be due entirely to signal (i.e., no
background subtraction). The result of the fit, including
statistical and systematic uncertainties, gives 90% upper
confidence bounds of r1 < 23:4, r2 < 4:23, and r3 <
0:90 cts kg"1 day"1.
Direct detection rates.—We assume that DM particles

scatter through direct interactions with atomic electrons. If
the DM-electron interaction is independent of the momen-
tum transfer, q, then it is completely parametrized by the
elastic cross section, "e, of DM scattering with a free
electron. For q-dependent interactions, we define a cross
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FIG. 1 (color online). Top: The spectrum of XENON10 dark-
matter search data, corrected for trigger efficiency. Wide boxes
(blue) indicate statistical uncertainty, while narrow boxes (green)
indicate the systematic uncertainty arising from the trigger
efficiency. The efficiency curve crosses 5% within the orange-
hatched vertical band. The thick continuous curve (gray) is the
best-fit triple Gaussian function. Thin solid curves (red) indicate
the best-fit individual components. Dashed lines indicate curves
allowed at the 90% upper limit for each component. Small open
squares indicate the raw spectrum (uncorrected for trigger effi-
ciency) from [10]. Arrows indicate 1-" upper limits on the
number of events for bins with no events. Bottom: The trigger
efficiency as determined by Monte Carlo simulation, whose
range is chosen such that the efficiency curve crosses 5% at,
or before, the first nonzero bin in the histogram.
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FIG. 2 (color online). Top: Expected signal rates for 1-, 2-, and
3-electron events for a DM candidate with "e ¼ 10"36cm2 and
FDM ¼ 1. Widths indicate theoretical uncertainty (see text).
Bottom: 90% C.L. limit on the DM-electron scattering cross
section "e (solid line). Here the interaction is assumed to be
independent of momentum transfer (FDM ¼ 1). The dashed lines
show the individual limits set by the number of events in which
1, 2, or 3 electrons were observed in the XENON10 data set,
with gray bands indicating the theoretical uncertainty. The
shaded region (light green) indicates the previously allowed
parameter space for DM coupled through a massive hidden
photon (taken from [2]).
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Already with 15 kg-d we 
can probe a sizable portion 
of hidden-photon models, 
where the DM is a hidden-
sector particle that is 
charged under a U(1)’.  
Here, mA’ ≈ 10 MeV, F(q) = 1

Keep in mind, this is old 
data with only 12.5 live-
days.  Imagine what 
current- and next- 
generation detectors could 
achieve (XENON100 just 
released >200 live-days, 
with a much larger fiducial 
volume)
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The first direct detection limits on dark matter in the MeV to GeV mass range are presented, using

XENON10 data. Such light dark matter can scatter with electrons, causing ionization of atoms in a

detector target material and leading to single- or few-electron events. We use 15 kg day of data acquired in
2006 to set limits on the dark-matter—electron scattering cross section. The strongest bound is obtained at

100 MeV where !e < 3! 10"38 cm2 at 90% C.L., while dark-matter masses between 20 MeVand 1 GeV

are bounded by !e < 10"37 cm2 at 90% C.L. This analysis provides a first proof of principle that direct

detection experiments can be sensitive to dark-matter candidates with masses well below the GeV scale.

DOI: 10.1103/PhysRevLett.109.021301 PACS numbers: 95.35.+d, 29.40."n, 95.55.Vj

Introduction.—Most current dark-matter (DM) direct
detection experiments focus on detecting a weakly inter-
acting massive particle (WIMP) with a mass of
1–1000 GeV. There are two main reasons for this focus.
Theoretically, a WIMP in this mass range can naturally
have the correct thermal relic abundance [1]. Experi-
mentally, a WIMP-nucleus scattering event is likely to
produce detectable quanta (phonons, scintillation photons,
ionization or some combination of these). DM candidates
with mass & 1 GeV typically cannot produce nuclear re-
coil signals above detector thresholds, and have therefore
been largely ignored.

It is straightforward, however, to theoretically construct
well-motivated, viable, and natural DM candidates with
sub-GeV masses (e.g., [2–6]). Given the current lack of
firm experimental evidence for WIMPs in any mass range,
it is important to search for other theoretically motivated
DM candidates. As was recently proposed in [2], sub-GeV
DM can lead to observable signals if it scatters with atomic
electrons, as opposed to nuclei. This scattering can ionize
atoms in a target material, resulting in single-electron
signals. As discussed below, few-electron signals may
result if the primary ionized electron or deexcitation pho-
tons lead to further ionization.

Dual-phase liquid xenon detectors have demonstrated
sensitivity to such small ionization signals [7–9]. In this
Letter, we present the first direct detection limits on
MeV—GeV-mass DM, using 15 kg day of exposure of
the XENON10 experiment obtained with a single-electron
trigger threshold [10]. We consider the observed rate of
one-, two-, and three-electron events. The origin of these
events is unclear, and they are likely to result from back-
ground processes. The data nevertheless allow robust limits
to be set for DM as light as a few MeV.

Data sample.—The XENON10 Collaboration has re-
ported results from a 12.5 live-day search for scattering
of low-mass (few-GeV rather than sub-GeV) WIMPs with
xenon nuclei [10]. Particle interactions in the liquid xenon
target can produce both ions (Xeþ) and excited atoms
(Xe$). A fraction of the ions recombine to form other
Xe$, whose deexcitation process produces 7 eV scintilla-
tion photons. Electrons that escape recombination are ac-
celerated away from the interaction site by an electric field,
and extracted from the liquid to the gas with an efficiency
that is essentially unity [11,12]. Under the influence of a
high electric field in the gaseous xenon (% 10 kV=cm),
each extracted electron produces Oð100Þ scintillation pho-
tons [13]. The detector’s array of photomultiplier tubes
measures an average of 27 of these photoelectrons per
extracted electron.
The search for few-GeV dark matter reported in [10]

imposed a software ionization threshold of 5 electrons due
to uncertainties in the ionization yield from very low-
energy nuclear recoils. However, the XENON10 hardware
trigger (described in [9]) was sensitive to single electrons.
Among liquid xenon targets, this is the lowest trigger
threshold in all reported dark-matter search data.
However, the precise trigger efficiency for this data sample
was not reported. To better understand the trigger effi-
ciency, we have performed a detailed Monte Carlo simu-
lation of the trigger response to single to few-electron
events in the XENON10 detector, based on the information
given in Sec. 2.8 of [9]. This simulation allows the hard-
ware trigger efficiency to be calculated, and the result is
shown in Fig. 1 (bottom).
The performance and accuracy of our trigger efficiency

simulation has been verified by comparing its prediction to
the observed trigger roll-off of the calibration spectrum
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DM with small electric 
dipole moment, the form 
factor, F(q), is no longer unity
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For hidden photon models with 
mA’ ≪ keV, F(q) scales as 1/q2 .  
This scenario includes a very 
interesting “freeze-in” region of 
parameter space.  Freeze-in is a 
thermal process that leads to a 
build-up and relic density of 
particles in (initially empty) 
hidden sector.  See:

L.J.Hall et al.
JHEP03 (2010) 080
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For a “feebly” coupled 
particle species, 

equilibrium might never 
be reached

the hidden sector is 
slowly populated and a 

relic density is “frozen in”

L.J.Hall et al.
JHEP03 (2010) 080
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!-rays from the galactic bulge [57] and remain consistent
with Cosmic Microwave Background bounds [58,59].

Although we do not attempt to calculate it here, it is
important to consider howmany electrons will be produced
in a LDM scattering event. For example, in xenon a 30MeV
DM particle will typically ionize a 5p outer-shell electron
(with binding energy EB ¼ 12:4 eV), giving it insufficient
recoil energy to ionize a second electron. However, for
larger DM masses, the recoiling electron is increasingly
likely to have enough energy to cause secondary ioniza-
tions. Heavier DM is also more likely to ionize a 5s (EB ¼
25:7 eV) or 4d (EB ¼ 75:6 eV) shell electron, followed by
the emission of a de-excitation photon which itself causes
photoionization. In Fig. 3, we plot the differential ioniza-
tion rate against electron recoil energy for xenon (blue),
argon (red), and helium (green), for a DMmass of 10 MeV
(solid lines) and 1 GeV (dashed lines). In germanium (not
shown) the situation is complicated by the band structure
but is qualitatively the same. Signal events in which more
than one electron is collected could be crucial, first for
experiments in which a single-electron threshold cannot
be reached, and second since backgrounds to few-electron
events may prove to be much smaller than for single-
electron events. For further details, see [60].

Besides neutrinos, the backgrounds to LDM scattering
are currently largely unknown. An important handle to
distinguish signal from background is therefore the annual
modulation [32] of the DM scattering rate. Using the halo
parameters given above, we find a modulation fraction
fmod of Oð10%Þ for all cases considered, where fmod is
defined as the ratio of the modulating signal amplitude to
the mean signal rate. A DM discovery would be possible
by observing such a modulation over an unmodulated

background. In Fig. 4, we show the modulation discovery
reach as a function of the background event rate, for a DM
mass of 30 MeV and for both constant (solid lines) and
ð"me=qÞ2 (dashed lines) DM form-factors. Specifically, we
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FIG. 2 (color online). The cross section exclusion reach (left-hand axis) at 95% confidence level for 1 kg $ year of exposure, assuming
only the irreducible neutrino background (note that additional unknown backgrounds are likely to exist, which would weaken the
sensitivity—see Fig. 4). This corresponds to the cross section for which 3.6 events are expected after 1 kg $ year. The right axis shows the
event rate assuming a cross section of !#e ¼ 10%37 cm2. Results are shown for xenon (blue), argon (red), germanium (brown), and helium
(green) targets. Left: Models with no DM form-factor. The (green) shaded area indicates the allowed region for Uð1ÞD (hidden photon)
models withmAD

* 10 MeV. The (orange) shaded area is the region inwhich a particularmodel ofMeVDMcan explain the INTEGRAL
511 keV !-rays from the galactic bulge [9]. Right: Models with a very light scalar or vector mediator, for which FDM ¼ "2m2

e=q
2. The

(blue) region indicates the allowed parameter space for a hiddenUð1ÞD modelwith a very light ( & keV) hidden photon. The darker (blue)
band corresponds to the Freeze-In region. For illustration, constant gD contours are shownwith dashed lines, assumingmAD

¼ 8 MeV and
" ¼ 2' 10%3 (left-hand plot) and mAD

¼ 1 meV and " ¼ 3' 10%6 (right-hand plot). For more details see the text and the Appendix .
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FIG. 3 (color online). The differential rates of LDM-induced
ionization versus electron recoil energy, for a cross section of
!#e ¼ 10%37 cm2. Results are shown for xenon (blue), argon
(red), and helium (green) targets, and a DM mass of 10 MeV
(solid lines) and 1 GeV (dashed lines). The two plots show
results for scattering with no DM form-factor (top) and with
FDM ¼ "2m2

e=q
2 (bottom). The dotted lines in the bottom right-

hand corner show the irreducible solar-neutrino-electron scatter-
ing backgrounds. We emphasize that other backgrounds of an
unknown size can be expected at all energies, and will require a
dedicated study to be measured and understood.

ROUVEN ESSIG, JEREMY MARDON, AND TOMER VOLANSKY PHYSICAL REVIEW D 85, 076007 (2012)

076007-6

Looking to the future

40

XENON10



A. Manalaysay, 18 July 2012

8th Patras Workshop on Axions, WIMPs, and WISPs: Probing sub-GeV DM Masses

• Sub-GeV particles cannot be detected via nuclear recoils, but are 
accessible with electronic recoils

• XENON10 data, with a sensitivity to single electrons, can probe many 
models with sub-GeV DM that feebly couples to electrons

• The XENON10 dataset is a successful proof-of-principle that 
canonical WIMP search experiments can also achieve sensitivity to 
sub-GeV DM masses.

• Freeze-out is not the only thermal production mechanism.  A feebly 
coupled hidden sector can also be populated by freeze-in.

Summary

41
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The expected signal
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• Step 2: Electron recoil track

DM

e

e

e

e

e

e

Number of final electrons 
depends on:

W, fR, NexNi
Varying these values gives us 
the systematic uncertainty in 
the expected signal
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Tracing the recoiling electron
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W

fR

Nex
Ni

average energy per observable quanta

electron-ion recombination fraction

ratio of excited (neutral) atoms to ions
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n’ = 0 or 1 with 
probability (1 - fR)



A. Manalaysay, 18 July 2012

8th Patras Workshop on Axions, WIMPs, and WISPs: Probing sub-GeV DM Masses

Expected signal

47

DM
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e

n’ = 0 or 1 with 
probability (1 - fR)

n” comes from a binomial 
dist. with Floor(Eer/W) trials 
and (1 - fR)(1 - Nex/Ni)-1 
probability of success

The number, ne, of detectable 
electrons is simply ne = n’ + n”
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Expected signal
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DM
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e

e

e

e

e

n’ = 0 or 1 with 
probability (1 - fR)

n” comes from a binomial 
dist. with Floor(Eer/W) trials 
and (1 - fR)(1 - Nex/Ni)-1 
probability of success

The number, ne, of detectable 
electrons is simply ne = n’ + n”

W

fR

Nex/Ni

[12.4, 16] eV

[0, 0.2]

[0.1, 0.3]
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Confidence in W
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150 I.H. Suzuki, N. Saito / Journal of Electron Spectroscopy and Related Phenomena 119 (2001) 147–153

estimated with high precision.When the purity of the Fig. 3 shows the value of g for Xe in the region of
soft X-ray beam was not very high, the plateau value 80–1100 eV. These values have been derived from
had not clearly showed up, but the curve seemed to branching ratios into several charge states in multiple
increase again from about 200 Pa. This situation was photoionization, and then these data were used in the
overcome by the improvement of the photon purity present study [21]. The ionization thresholds for 4d
indicated above (see Section 2). electrons of Xe are positioned at about 70 eV and
As described previously [24], the photoion current, thus the g-value is higher near 100 eV than 2.0

i, in the ion chamber under a certain gas density is because normal and double Auger processes takes
given as place after the 4d ionization. At the 4p thresholds

(145.5 and 146.7 eV) the g-value increases largely
and shows a nearly constant value up to the 3di5 enI exp(2lsp) 12 exp(2Lsp) (3)h j
thresholds (676.4 and 689.0 eV). Since the partial
photoabsorption cross-section of the 4s electron isHere, e, I, s, L and l denote the elementary charge,
small, the ionization of this electron does not makethe absolute photon intensity, the photoabsorption
much contribution to multiple ionization. The g-cross-section, the length of the electrode, and the
value jumps steeply at the 3d ionization thresholdslength of the insensitive region at the front end,
and indicates about 4.5 above the thresholds. Thisrespectively. The present authors have measured the
finding comes from Auger cascade processesphotoabsorption cross-section of Xe using this ion
initiated by the 3d electron ionization. The 3pchamber, which is described elsewhere [25]. The
ionization gives a slight contribution to the increaseratio of the photoion currents at the sufficiently low
in the g-value at about 940.6 and 1002.1 eV.and high gas densities provides the value of N

because the g-value was obtained previously. Finally
the photon W-value has been calculated from the

4. Results and discussionderived N value, according to Eq. (1).

Photon W-value of Xe is shown on the absolute
scale as a function of photon energy from 120 to
1000 eV in Fig. 4. The present data are denoted with
solid circles. Bars with hatching indicate the ioniza-

Fig. 4. Photon W-value for Xe as a function of photon energy.
Solid circles show the present result, and open squares are the data

Fig. 3. Average charge state in photoionization, g-value, of Xe for electrons by Combecher [8]. The solid curve represents the
over the photon energy range from 80 to 1100 eV. Bars with photon W-values calculated by the model here. The bars with
hatching denote the ionization thresholds of 4p, 4s, 3d and 3p hatching indicate ionization thresholds of 4p, 4s, 3d and 3p
electrons. electrons.

Gas xenon

gas density is given as

i ¼ enI expð#lspÞ 1# expð#LspÞf g: ð3Þ

Here, e, I, s L, and l denote the elementary charge, the
photon absolute intensity, the photoabsorption cross
section, the length of the electrode, and the length of the
insensitive region at the front end, respectively. Then the
photoion current at a sufficiently low gas density is

i ¼ egI expð#lspÞ 1# expð#LspÞf g: ð4Þ

Similarly that at a sufficiently high density is

i ¼ eNI expð#lspÞ 1# expð#LspÞf g: ð5Þ

The photoabsorption cross section has been obtained
with ion currents from two successive electrodes, i1, and
i2, under appropriate gas densities as

s ¼ 1

L

d

dp
ln

i1
i2

! "# $

: ð6Þ

By using Eqs. (4) and (6), we have obtained the
absolute intensity of the incident soft X-ray. Then the
total number of electrons produced has been derived
from the obtained photon intensity with the use of
Eq. (5). Finally, the photon W-value has been calculated
from the derived N value, according to Eq. (1).
Fig. 2 shows the value of g for Ar in the region of 45

to 1200 eV. These values have been derived from
branching ratios into several charge states in photo-
ionization previously studied (Saito and Suzuki, 1992),
and then these data were used in the present study.
Notice that the g value shows a steep jump at the 2p
electron ionization threshold. This finding can be
interpreted in terms of the creation of doubly charged
Ar ions through the 2p ionization. Even below the 2p
threshold, the g value is higher than unity, indicating
that two valence electrons are ionized through absorp-

tion of one photon. Around 300 eV the g value shows
some values higher than 2.0, and this result is supposed
to be related to shake-off processes during the 2p
electron ionization.

4. Results and discussion

PhotonW-value of argon is shown in the absolute scale
as a function of the photon energy from 50 to 1000 eV in
Fig. 3. The present data are represented by solid circles.
The arrow denotes the 2p electron ionization threshold.
The data points of open squares indicate the W-value for
electrons, We, which was reported earlier (Combecher,
1980). The solid curve denotes the result calculated from
a model described below. The measured Wp exhibits
lower values than those for electrons below 250 eV. The
Wp value increases steeply near the 2p threshold, and is
almost the same as We, or slightly higher. The trend of
the data for the electron W-value is similar to that of
other atoms and molecules in the present energy region.
The absolute values of Wp measured here are presumed
to be correct in consideration of the agreement with the
data for electrons, We, in the region above 400 eV. The
steep increase of Wp near the 2p threshold seems to
originate from the 2p photoionization, which has a close
connection to the model proposed previously in the
instance of hydrocarbon molecules (Saito and Suzuki,
1986; Suzuki and Saito, 1985a,b, 1987).
The model for explaining the measured Wp value is

described as follows. The number of electrons seconda-
rily produced by the electrons emitted from an Ar atom
is calculated using the experimental data by Combecher
(1980). When the photon energy is below the 2p

Fig. 2. g value (average charge state in photoionization) of Ar
as a function of photon energy. The arrow denotes the
ionization threshold of the 2p electron.

Fig. 3. Photon W-value for Ar as a function of photon energy.
The solid circles show the present result, and the open squares
are the data of Combecher for electrons. The solid curve
represents the photon W-values calculated by the model here.
The arrow indicates the 2p ionization threshold.

N. Saito, I.H. Suzuki / Radiation Physics and Chemistry 60 (2001) 291–296 293

We don’t have data for W 
in LXe down to ~10 eV, but 
these data do exist for gas 
xenon (almost) and gas 
argon.  Both show no huge 
divergences below 1 keV.

I.H.Suzuki, N.Saito, J. Elec. Spec. 119 (2001) 147

N.Saito, I.H.Suzuki, Radiat. Phys. Chem. 60 (2001) 291

Gas argon
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Adjusting the trigger set 
point gives different 
detection efficiency curves.  
Can quantify the curve by 
the point there it crosses 5%, 
or the “turn-on”.
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Trigger efficiency curve
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Make a [quite safe] assumption: 
the efficiency turns on at, or 
before, the first nonzero bin in the 
blue histogram.  This gives a 
range of allowed efficiency 
curves, whose variation is 
included when extracting the 
upper limits.


